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CHAPTER  I 


INTRODUCTION 


As  automation  and  computer  control  of  man-machine  systems  increases,  there 
has  been  a parallel  increase  in  the  need  for  tradeoff  considerations  relative  to  the 
human  element  in  complex  systems.  Computer  modeling  has  grown  in  use  and  im- 
portance as  a method  for  making  tradeoff  decisions.  Computer  models  have  been 
used  for  this  purpose  because  there  are  few,  if  any,  other  techniques  which  can  eco- 
nomically consider  the  wide  variety  of  factors  involved  in  such  tradeoffs.  While  con- 
ceptual problems  still  remain  with  the  development  and  validation  of  such  models,  the 
capability  of  simulation  models  to  simulate  a vast  array  of  conditions  and  situations  far 
outweighs  the  problems  in  their  use.  The  economy,  versatility,  and  practicality  of 
such  models  has  made  their  use  the  choice  of  planners  of  all  types. 

The  basic  reason  for  tradeoff  considerations  in  system  design  is  that  design 
decisions  usually  possess  multiple  implications.  A decision  to  increase  the  maximum 
altitude  of  an  aircraft  will  affect,  for  example,  its  load  carrying  capability,  its  cruise 
speed,  power  considerations,  and  external  configuration.  In  some  cases,  a minor 
modification  of  one  factor  may  have  a large  impact  on  other  factors.  In  other  cases, 
a large  modification  may  be  made  in  one  factor  with  only  minimal  effect  on  other  factors. 
Knowledge  of  the  relative  effect  of  one  factor  on  other  factors  is  a necessary  condition 
in  order  to  make  reasonable  tradeoffs.  Sometimes,  due  to  the  interaction  of  a number 
of  different  factors,  the  relative  impact  of  one  factor  on  other  factors  is  much  less  or 
much  more  than  one  might  anticipate. 

Purpose  of  Present  Work 

The  purpose  of  the  present  work  was  to  develop  a set  of  human  performance 
oriented  tradeoff  curves  for  employment  by  design  and  development  engineers.  Such 
human  performance  tradeoff  curves  are  believed  to  provide  the  engineer  with  a data 
base  which  he  can  employ  when  deriving  a system  or  equipment  design. 

Sources  of  Tradeoff  Data 

Expert  judgment  is  often  employed  to  estimate  tradeoff  interactions.  This  source, 
often  the  only  one  available,  has  initial  advantages  in  terms  of  low  cost  and  immediacy 
of  data.  Other  sources  of  tradeoff  data  are  mathematical  analysis,  mockups,  prototypes, 
and  computer  simulation.  Mockups  include  physical  analogues  of  all  types  ranging  from 
bare  physical  analogues  to  dynamic  mockups  short  of  actual  capability  to  perform  equip- 
ment objectives.  Prototypes,  on  the  other  hand,  are  actual  test  devices  which  are 
capable  of  performing  at  least  some  of  the  system  objectives.  Computer  simulation 
involves  logical  modeling  of  relationships  in  such  a form  as  to  permit  prediction  of 
performance.  Although  the  computer  aspect  is  not  a logical  requirement  of  such  sim- 


illation,  it  is  a practical  requirement  given  the  usual  complexity  of  the  interaction 
of  variables.  In  one  sense  computer  simulation  is  an  advanced  form  of  mathematical 
analysis.  Both  computer  simulation  and  mathematical  analysis  involve  numeric 
processing  according  to  formal  logic  but  computer  simulation  can  consider  the  dynamic 
interaction  of  a greater  number  of  variables  than  mathematical  analysis.  Moreover, 
computer  simulation  is  better  prepared  to  consider  the  stochastic  processes  common 
to  everyday  life  than  mathematical  analysis. 

Table  1 summarizes  the  relative  utility  of  each  source  of  tradeoff  data  with  ref- 
erence to  six  criteria.  The  first  criterion  is  the  number  of  variables  which  may  be 
simultaneously  varied.  The  number  of  variables  which  can  be  manipulated  reflects  the 
depth  of  the  evaluation  yielded  by  the  method.  The  human  can  consider  two  or  possibly 
three  variables  at  a time.  Higher  order  tradeoffs  are  best  resolved  on  the  basis  of 
raw  judgment  as  sets  of  two  or  three  factor  tradeoffs.  Physical  analogues  provide  in- 
creased capability  but  are  limited  by  time,  cost,  and  flexibility  considerations.  Math- 
ematical analysis  usually  only  considers  a limited  number  of  variables  simultaneously. 
Computer  simulation  can  consider  an  almost  unlimited  number  of  variables  in  com- 
bination. Moreover,  once  the  simulation  model  is  developed,  such  simulation  is 
relatively  inexpensive  and  the  results  can  be  obtained  in  a timely  manner. 

The  reliability  and  dependability  of  tradeoffs  derived  from  the  various  methods 
also  differs.  Reliability  is  defined  here  as  agreement  between  various  applications 
of  a method  and  dependability  is  defined  as  predictive  power  for  various  use  conditions. 
Expert  judgment  is  low  on  reliability  and  dependability  because  humans  differ  in  the 
weights  which  they  assign  to  variables  and  in  their  ability  to  compound  weights.  Data 
based  on  mockups  or  on  prototype  evaluations  can  be  quite  reliable  and  dependable  be- 
cause such  evaluations  can  be  carefully  controlled.  Mathematical  analyses  can  be 
considered  to  be  highly  replicable.  Computer  simulations  are  highly  replicable  but 
their  dependability  depends  on  the  care  taken  during  the  development  of  such  models, 
on  input  data  availability,  and  on  whether  or  not  the  simulation  has  been  appropriately 
validated. 

Human  judgment  is  highly  flexible.  It  is  difficult  to  modify  mockups  and  protor- 
types  so  that  they  may  be  tried  in  a wide  variety  of  conditions  and  at  various  levels  of 
each  condition.  On  the  other  hand,  both  computer  simulation  and  mathematical  anal- 
ysis lend  themselves  to  a flexibility  need.  For  computer  simulation,  simple  input 
data  modification  is  often  the  only  requirement  for  "trying"  the  system  under  con- 
sideration under  new  conditions  of  use,  with  different  manning,  or  with  different  cap- 
ability. 

Computer  simulation  was  employed  to  derive  the  tradeoff  curves  presented  in 
Chapter  II  of  this  report. 

Computer  Simulation  Model  Employed 

The  computer  simulation  model  used  to  derive  these  tradeoff  curves  has  been 
used  in  a wide  variety  of  simulation  contexts.  Most  recently,  the  model  was  used  in  a 


2 


study  of  a proposed  sonar  system  (Leahy,  Siegel,  and  Lamb,  1976).  This  model 
places  emphasis  on  the  human  side  of  the  simulation.  However,  equipment  aspects 
are  included. 


The  model  is  of  the  stochastic  computer  simulation  nature  and  can  simulate  the 
performance  of  as  many  as  80  events  or  jobs  per  day.  Teams  of  up  to  20  persons  can 
be  simulated  along  with  the  repairs  of  a maximum  of  20  different  equipments  and  up  to 
10  classes  of  emergency  situations.  The  input  to  the  model  consists  of  personnel  data, 
equipment  data,  event  data,  and  parameter  values. 

The  personnel  input  data  consist  of  such  items  as: 

1.  number  of  men  holding  each  rank  (pay  grade)  and  specialty 
(Navy  rate) 

2.  body  weight 

3.  standard  deviation  of  body  weight 

4.  average  proficiency  in  primary  and  secondary  specialty 

5.  average  work  pace 

6.  average  stress  tolerance  threshold 

7.  average  caloric  intake 

8.  average  aspiration  level 

9.  average  physical  capability 

10.  average  hours  since  last  sleep  (at  start  of  mission) 

11.  average  duration  of  incapacity  (sickness) 

12.  minimum  fatigue  necessary  for  sleep 

13.  average  short  term  power  output 

14.  average  man's  physical  capability  after  a full  workday 


The  equipment  input  data  consists  of  such  items  as; 

1.  equipment  failure  rate 

2.  average  repair  time 

3.  standard  deviation  of  repair  time 

4.  number  of  men  required  to  repair  by  type 

5.  mental  load 

6.  consumable  use 


The  event  input  data  consists  of  such  items  as; 

1.  mean  duration 

2.  standard  deviation  of  duration 

3.  relative  essentiality  (importance) 

4.  mental  load 

5.  for  each  consumable,  the  rate  of  expenditure  and  the  mini- 
mum amount  necessary  to  perform  task 

6.  energy  demands 

7.  hazard  encountered  in  task  performance 

8.  number  and  type  of  personnel  required 
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Parameters  consist  of  such  items  as; 


1.  initial  value  of  each  consumable 

2.  number  of  iterations 

3.  workday  length 

4.  average  crew  pace 

5.  indicators  for  output  recording  options 


Manipulation  of  the  input  data  takes  place  in  five  major  model  segments.  The 
first  of  these  is  crew  formation.  After  each  crew  member  is  assigned,  according  to 
certain  rules,  to  one  of  four  command  echelons  (officer,  senior  petty  officer,  junior 
petty  officer,  or  unrated),  appropriate  input  variables  are  manipulated  stochastically 
so  as  to  generate  a set  of  characteristics  (e.  g.,  competency,  work  proficiency,  as- 
piration level,  working  pace,  etc.)  for  each  crew  member.  Accordingly,  a unique 
crew  is  generated  for  each  iteration  or  "cruise,  " This  allows  for  simulation  of  the 
variance  normally  found  across  crews. 

Next,  the  model  uses  a MTBF  (mean  time  between  failure)  estimate  in  order  to 
determine  which,  if  any,  equipment  failures  will  occur  this  day.  The  failure  deter- 
mination is  based  on  the  assumption  that  the  number  of  failures  encountered  are  poisson 
distributed.  The  actual  time  of  each  repair  during  a simulated  cruise  is  stochastically 
determined  such  that  an  occurrence  can  interrupt,  at  any  time,  the  sequence  of  the 
day's  scheduled  activities.  A parallel  logic  is  applied  in  the  determination  of  whether 
or  not  any  emergency(s)  will  occur  on  each  simulated  day. 

The  third  major  segment  of  the  model  involves  personnel  assignment.  Prior  to 
the  initiation  of  each  scheduled  repair  or  emergency  event,  the  personnel  assigned  to 
the  watch  involved  and  necessary  for  performing  the  tasks  within  the  event  are  select- 
ed. A first  determination  is  made  of  the  required  specialties.  Personnel  within  the 
needed  specialties  who  have  already  worked  or  would  be  required  to  work  too  much 
"overtime"  are  subsequently  eliminated  from  consideration.  The  remaining  eligible 
personnel  within  each  specialty  are  then  further  sorted  in  order  to  determine  who  has 
worked  least  this  shift  (watch).  In  the  event  that  there  is  an  excess  of  available  men, 
those  men  are  selected  whose  physical  capability  best  matches  the  physical  require- 
ments of  the  event.  Further  "ties"  among  eligible  personnel  are  resolved  by  selecting 
the  man  (men)  with  the  greatest  competence  in  his  (their)  primary  specialty.  Alterna- 
tively, by  input  specification  that  the  event  is  for  a training  purpose,  the  simulation 
will  select  men  on  the  basis  of  competence  in  their  secondary  specialty. 

In  the  event  that  an  insufficient  number  of  men  is  available  to  perform  the  event, 
the  computer  selects  watch  members  who  are  crosstrained  in  the  needed  specialties 
to  fill  the  stations  not  yet  fully  manned.  If  there  is  still  an  insufficient  number  of 
men  available,  the  computer  simulates  the  task  as  being  performed  with  an  inadequate 
number  of  personnel  and  the  number  of  unmanned  stations  is  calculated. 

Once  the  work  group  for  an  event  is  "assembled,  " the  role  of  group  leader  is 
assigned  to  the  highest  ranking  member  or  to  the  most  competent  among  equal  highest 
ranking  members  working  on  the  task. 
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The  fourth  model  segment  involves  the  simulation  of  actual  event  performance. 

The  first  step  in  this  segment  involves  a determination  of  whether  the  event  should  be 
ignored  because:  it  is  below  the  essentiality  threshold,  the  consumables  are  below  the 
levels  required  for  event  performance,  an  inadequate  amount  of  time  is  available  for 
event  completion,  or  no  personnel  with  the  required  skill  are  available.  In  no  case  is 
a repair  or  an  emergency  event  skipped. 

The  model  assigns  an  appropriate  event  start  time  after  it  has  determined  that 
performance  of  the  event  is  to  be  simulated  and  the  work  team  has  been  selected.  The 
event  start  time  is  assigned  within  the  following  restrictions;  the  time  the  assigned  men 
became  available,  the  time  of  completion  of  any  specified  event  which  has  to  be  com- 
pleted prior  to  the  present  event,  and  the  earliest  possible  start  time  that  was  speci- 
fied in  the  input  data  base. 

The  actual  performance  time  is  determined  as  a function  of  stochastic  manipu- 
lation of  the  initial  input  data  mean  and  standard  deviation  of  event  performance  time, 
as  well  as  the  group  working  pace  and  the  stress  on  the  work  group.  The  group  pace 
is  considered  to  be  independent  of  the  group's  physical  capability  which,  in  turn,  is 
calculated  as  a function  of  the  following  characteristics  of  each  crew  member;  (1)  cur- 
rent fatigue  level,  (2)  physical  capability,  (3)  prior  overexertion  during  an  event  per- 
formance, and  (4)  time  since  last  slept  (time  fatigue).  The  stress  is  determined  as  a 
function  of  the  amount  of  time  available,  the  average  performance  time  for  event  com- 
pletion, and  the  mental  load  involved  in  task  performance. 

Two  additional  group  derived  variables,  competence  and  aspiration,  in  conjunc- 
tion with  group  stress  and  group  physical  capability,  determine  the  group  performance 
adequacy.  Aspiration  is  considered  to  be  a function  of  goal  descrepancy  and  stress  and 
affects  event  performance  time  through  working  pace. 

A success  or  failure  determination  is  made  for  the  task  by  using  as  a success 
criterion  the  leader's  expectation  of  performance  quality.  This  is  quantified  by  com- 
paring the  calculated  performance  adequacy  with  the  leader's  aspiration  weighted  by 
an  expectation  constant  provided  by  input. 

After  event  completion,  the  personnel  records  are  updated  in  order  to  account 
for  changes  resulting  from  the  work  done.  In  addition,  other  bookkeeping  is  perform- 
ed to  record  the  various  aspects  of  the  event  for  a later  summary.  Subsequent  to  the 
performance  of  each  event,  a check  is  made  to  determine  if  the  day  has  ended  and,  if 
not,  the  next  event  is  selected  and  processed  in  the  same  manner.  At  the  day's  com- 
pletion, a check  is  made  to  determine  if  this  was  the  last  day  of  the  mission.  If  not, 
end-of-day  performance  summaries  are  compiled,  and  the  next  day's  schedule  is  gen- 
erated. At  mission  end,  a final  tabulation  across  all  relevant  variables,  events,  and 
personnel  is  made. 

A brief  summary  of  the  five  main  model  segments  is  presented  in  Table  2. 
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Table  2 

Summary  of  the  Five  Main  Model  Segments 


1.  crew  formation 


2.  daily  schedule  generation 


3.  personnel  assignment 


4.  event  simulation 


5.  personnel  update 


identification  of  each  crew  member  and  assignment 
of  specific  capabilities  and  characteristics  to 
each  crew  member 

preparation  of  itemized  events  to  be  completed 
on  each  day  of  the  mission 

selection  of  individual  men  to  accomplish  the 
work  of  each  event 

calculation  of  conditions  existing  during  each 
event  and  the  determination  of  how  well  and  how 
quickly  the  assigned  men  accomplish  the  work 
which  constitutes  the  event 

modification  of  the  values  of  psychosocial  and 
other  variables  as  a result  of  group  and  in- 
dividual performance  during  the  event 


This  model  has  received  prior  validation  outside  of  the  present  program.  Ex- 
amples of  prior  validational  studies  are  found  in  Siegel,  Wolf,  & Cosentino  (1971), 
Siegel,  Lautman,  & Wolf  (1972),  and  Siegel,  Leahy,  & Wiesen  (1977).  In  alL  of  these 
studies,  the  model's  output  was  compared  with  actual  data  and  acceptable  conformity 
was  evidenced. 

A number  of  human,  equipment,  and  system  (combined  human  and  equipment) 
metrics  are  also  generated  by  the  model.  These  are  of  particular  interest  to  the 
system  designer  and  are  defined  and  summarized  in  Table  3. 
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A representative  mission  was  required  to  provide  a basis  for  the  tradeoff 
curves  to  be  generated  as  the  major  product  of  the  present  work.  To  this  end, 
a mission  was  synthesized  which  was  believed  to  meet  the  following  criteria: 

Generalizability.  A Navy  mission  without  unique  conditions 
which  would  cause  mission  specific  output. 

Verisimiltude.  A mission  with  reasonable  complexity,  crew 
interaction,  and  work  load.  The  tasks  i sed  could  have  been 
assigned  natural  names  such  as  trouble  shooting,  calibration, 
repair/replacement,  or  equipment  operation.  However,  by 
leaving  them  undefined,  the  similarity  to  many  different  Navy 
situations  is  enhanced. 

Crewman  Dependency.  A mission  which  emphasizes  human 
performance.  Therefore,  equipment  dependencies  (such  as 
warm-up  time  and  other  fixed,  rigidly  predictable  from  other 
sources,  equipment  factors)  were  minimized  and  crewman 
functions  were  emphasized. 

The  decision  was  reached  to  simulate  human  performance  at  each  of  four  work 
stations.  Each  station  is  manned  by  one  crew  member.  The  stations  are  continuously 
manned.  The  duration  of  each  watch  is  four  hours. 

This  mission  was  generated  from  a list  of  random  numbers  with  restrictions. 

The  restrictions  were  used  to  meet  the  criteria  described  above.  Four  task  durations 
were  used--5,  10,  20,  and  40  minutes.  Sufficient  tasks  were  assigned  to  each  work 
station  to  cause  approximately  three  quarters  of  each  four  hour  shift  to  be  occupied. 
This  nominal  time  usage  was  based  on  average  performance  time  for  each  task.  The 
remaining  time  was  left  for  accommodating  equipment  failures  and  emergencies,  which 
are  generated  by  the  model,  and  to  allow  for  time  to  complete  task  repetitions  because 
of  task  failure  by  the  crewmen. 

Figures  1,  2,  and  3 present  time  line  charts  of  the  tasks  in  each  watch.  The 
numbers  shown  inside  the  time  line  bars  of  Figures  1,  2,  and  3 indicate  the  sequenced 
task  numbers.  Sequenced  task  numbers  are  unique  to  each  scheduled  task  within  a 
simulation. 

Approximately  10  percent  of  the  tasks  were  interdependent  between  work  stations. 
These  interdependencies  are  shown  in  the  timeline  by  an  interconnecting,  dashed  line. 
The  tasks  shown  at  the  tails  of  the  dashed  arrows  may  not  be  started  until  the  tasks 
at  the  heads  of  the  arrows  have  been  completed.  For  example,  sequenced  task  number 
10,  which  is  to  be  performed  at  station  one,  cannot  begin  until  sequenced  task  number 
33  is  completed  at  station  fou.’.  Prerequisite  tasks  were  selected  randomly  with  the 
restriction  that  there  were  four  prerequisite  tasks  per  shift. 
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FIGURE  2.  TIME  LINE  CHART  OF  WATCH  2 


SHIFT  3 


Another  type  of  task  interdependency  is  shown  by  the  solid  line  arrows.  The 
solid  line  arrows  with  arrow  heads  at  both  ends  connect  tasks  which  must  be  per- 
formed simultaneously,  i.  e. , joint  tasks.  In  watch  1,  task  32  at  station  four  is 
performed  jointly  with  task  number  24  at  station  three.  One  joint  task  occurs  during 
each  of  the  three  watches. 

The  sequenced  tasks  are  also  controlled  within  the  simulation  model  by  the  time 
interval  in  which  they  must  be  performed.  In  the  present  simulation,  sequenced  tasks 
were  constrained  to  the  watch  in  which  they  were  scheduled. 

Consumable  shortages  could  serve  to  make  a simulation  unique.  In  order  to 
make  the  results  of  these  tradeoff  simulations  as  generally  applicable  as  possible, 
consumable  expenditure  was  not  simulated.  We  do  not  minimize  the  importance  of 
consumables  in  a mission,  but  this  variable  can  often  be  considered  independently. 

A 12  hour  simulated  time  interval  was  selected.  This  time  duration  was  pre- 
viously found  to  be  sufficient  for  providing  meaningful  simulation  results.  The  sim- 
ulation has  an  upper  limit  on  the  total  number  of  tasks  which  can  be  considered  during 
a simulation  and  with  longer  time  periods  each  task  must  be,  on  the  average,  longer 
and  therefore  the  degree  of  granularity  is  decreased. 

One  unit  of  equipment  was  assigned  within  the  scenario  to  each  work  station. 
Failure  rates  were  assigned  to  each  equipment  unit  so  as  to  represent  a range  of  fail- 
ure rates.  A mean  input  time  to  repair  (MTTR)  of  one-half  hour  was  assigned  for  all 
repairs. 

Simulation  Runs  Completed 

Simulation  runs  were  completed  in  which  a number  of  human  oriented  variables 
were  manipulated.  The  eight  human  oriented  variables  manipulated  over  various 
simulation  runs  and  the  levels  of  these  variables  are  summarized  in  Table  4.  The 
upper  and  lower  limits  for  each  variable  are  believed  to  represent  plus  or  minus  two 
standard  deviations  around  the  respective  mean. 

The  two  and  the  six  hour  watch  lengths,  respectively,  place  a heavy  and  a light 
work  load  on  the  simulated  operation.  Similarly,  the  three  and  the  five  man  person- 
nel availabilities  (men  per  watch)  respectively  impose  an  overload  and  an  underload 
situation. 

A total  of  23  simulation  runs  was  completed.  The  parameter  values  for  each 
run  are  shown  in  Table  5.  Only  one  input  parameter  was  varied  in  each  run.  Other 
than  the  variable  being  manipulated  during  the  run  , the  input  parameters  were  those 
( used  in  the  baseline  run. 
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Table  4 


Summary  of  Independent  Variables  Manipulated  and  Levels  Included  in  Various  Simulation  Runs 


Level 

Variable 

Low 

Mean 

High 

Aspiration 

.80 

.90 

1.00 

Leader's  Expectation 

.85 

.90 

.95 

Men  per  Shift 

1 

3 

5 

7 

9 

Mental  Load 

3 

4 

5 

Primary  Competence 

.55 

.65 

.75 

.85 

.95 

Pace 

1.30 

1.15 

1.00 

.85 

.70 

Secondary  Competence 

.55  - 

.75 

.90 

Watch  Length 

2 

4 

6 

1.  Baseline 

2.  Prim.  Comp. 
3 


6.  Men/Shift 
7 

8.  PACE 


12.  Shift  Length 
13 

14.  Second.  Comp. 
15 

16.  Mental  Load 


20.  Level  Aspiration 
21 

22.  Leader's  Expect. 
23 


Table  5 


Simulation  Runs  Performed 


Primary  Secondary 

Competence  Competence  Men 

Shift  Mental  per  Aspir- 
Full"  Min  Un  Full  Min  Un  PACE  Length  Load  Shift  ation 


.75 

.25 

.00 

.25 

.50 

.25 

.95 

.05 

.00 

.25 

.50 

.25 

.85 

.15 

.00 

.25 

.50 

.25 

.65 

.35 

.00 

.25 

.50 

.25 

. 55 

.45 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

. 50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.90 

.10 

.00 

.75 

.25 

.00 

.55 

.45 

.00 

.75 

.25 

.00 

.25 

.50 

. 25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

• .75 

.25 

.00 

. 25 

.50 

.25 

.75 

.25 

.00 

.25 

. 50 

.25 

.75 

.25 

.00 

.25 

.50 

.25 

Leader's 

Expect. 


.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

.90 

00 

o 

.90 

1.00 

.90 

.90 

.85 

.90 

.95 

Full  = % fully  qualified 
Min  = % minimally  qualified 
Un  = % unqualified 
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CHAPTER  II 


TRADEOFF  CURVES 


Overall 

On  the  basis  of  the  results  of  the  simulation  runs  described  in  Chapter  I,  a 
number  of  tradeoff  curves  was  derived.  These  curves  describe  the  relationships 
between  selected  independent  variables  and  an  appropriate  dependent  variable.  The 
independent  variables  include  conditions  which  are  under  the  control  of  a system  de- 
signer to  some  degree,  e.  g. , crew  mental  load  or  manning  level.  The  effect  of  sys- 
tematic variation  of  the  independent  variables  is  described  in  terms  of  the  dependent 
variables  or  measures  of  system  performance.  These  dependent  variables  are; 

I.  Mean  Hours  Worked 

II.  Percentage  of  Success 

III.  Unmanned  Station  Hours 

IV.  Percentage  of  Tasks  Ignored 

V.  System  Reliability 

VI.  System  Availability 

VII.  System  MTTR 

VIII.  Human  Reliability 

IX.  Human  Availability 

X.  Human  MTTR 

XI.  Maximum  Stress 

XII.  Hazard 

XIII.  Human  Availability  and  Manpower  Utilization  Interaction 

Within  each  dependent  variable  section,  the  effects  of  selected  independent 
variables  are  shown.  The  independent  variables  in  each  section  were  selected  on 
the  basis  of  their  logical  association  with  the  dependent  variables.  Only  relation- 
ships with  reasonably  systematic  effects,  as  indicated  by  the  simulation  model,  are 
shown.  Relationships  which  seemed  to  be  primarily  due  to  stochastic  effects  are  not 
included. 


Goodn  pss  of  Fit 

Each  tradeoff  curve  is  based  on  a least  square  fit.  The  equations  used  for 
this  calculation  were: 


Slope  = m 


- Zxy 

- Ex2 
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Intercept  = b 


£y  - mix 
n 


y = dependent  variable 
x = independent  variable 
n = number  of  data  points 

The  resulting  equation  is  in  the  form; 

y'  = mx  + b 

In  most  cases  a linear  best  fit  was  preferred.  In  some  cases  an  exponential 
fit  was  calculated.  For  calculation  of  the  exponential  curve  fit,  the  equations  em- 
ployed were; 

zxiiny,  . £a|laa 

i n 


a = 


b = 


The  resulting  equation  is  in  the  form: 


In  a few  cases  a logarithmic  best  fit  seemed  most  appropriate.  In  these  cases, 
the  following  equations  were  used  for  calculating  the  best  fit: 


a = ?yj  - bZlnxj 
n 

zyiinxi  - Bmin. 

h ' 2(lnxi)‘  - ^1? 

n 

The  resulting  equation  is  in  the  form: 
y = a + blnx. 


16 


<o 


When  workload  is  held  constant,  an 
increase  in  competence  in  the  pri- 
mary specialty  is  associated  with  a 
decrease  in  the  time  required  to  do 
the  job.  Competence  in  a second- 
ary specialty  had  no  effect  on  time 
worked  with  this  scenario. 


As  shift  length  increases,  the  amoint 
of  time  worked  increases.  The  num- 
ber of  men  per  shift  had  no  effect  on 
the  mean  time  worked  in  this  sce- 
nario. 


33 


§ 

z 


L0*  AVERAGE  HIGH 

Figure  |-A.  Effect  of  competence^  primary 
and  secondary  specialties  on 
mean  hours  worked. 


so 


3 

? 


LOW  AVERAOE 

Figure  l-B.  Effect  of  shift  length  and  men 
per  shift  or  mean  hours  worked. 
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Percentage  of  Success 


This  section  presents  the  effects  of  selected  independent  variables  on  the 
percentage  of  tasks  performed  successfully  on  the  first  attempt.  Eight  inde- 
pendent variables  were  selected  as  most  relevant  for  consideration.  These  vari- 
ables are  graphed  in  the  following  pairs: 

A.  Crew  Size 
Shift  Length 

B.  Primary  Competence 
Secondary  Competence 

C.  Mental  Load 
Pace 

D.  Level  of  Aspiration 
Leader's  Expectation 

The  equations  for  these  relationships  are  presented  in  Table  7. 

Table  7 

Equations  for  Variables  Affecting  Percentage  of  Success 


If  Y represents  the  mean  percentage  of 

success  on  the  first  trial  and  X repre- 
sents crew  size 

then:  Y = 7.95X  + 55.33  for 
3 £ X £ 5 

If  X represents  'hift  length 

then:  Y = 54.88  + 18.97I.NX  for 
2 £ X £ 6 

If  X represents  primary  competence 
then:  Y = 41. 5X  + 56.62  for 
.55  £ X £ .95 

If  X represents  secondary  competence 
then:  no  effect  on  percent  success 

If  X represents  mental  load 

then:  Y = -1.2X  + 95.58  for 
1 £ X £ 9 

If  X represents  pace 

then:  Y = -22X  + 109.06  for 

.7  (high)  £ X £ 1.3  (low) 

If  X represents  level  of  aspiration 
then:  Y = 136X  + 208.9  for 
.8  £ X £ 1.0 

If  X represents  leader's  expectation 
then:  Y = -315X  + 368.43  for 
.85  < X < .95 
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Increase  in  crew  size  tends  to  in- 
crease task  successes.  This  effect 
can  probably  be  attributed  to  a re- 
duction in  job  stress.  Shift  length 
also  has  alarge  impact  on  percent- 
age of  task  success.  Increase  in 
the  time  available  to  do  the  job  can 
generally  be  expected  to  have  a par- 
allel effect. 


Figure  1 1 -A.  Effect  of  crew  size  and  shift  length 
on  the  percentage  of  tasks  performed 
successfully  on  the  first  trial. 


Increase  in  competence  in  the  pri- 
mary specialty  produces  an  increase 
in  task  successes.  Secondary  com- 
petency, on  the  other  hand,  has  no 
effect  on  the  success  rate.  This 
effect  is  probably  due  to  the  fact 
that,  in  the  present  simulation,  rel- 
atively few  tasks  are  performed  in 
the  secondary  specialty.  Accord- 
ingly, secondary  specialty  profici- 
ency had  little  effect  on  the  overall 
percentage  of  success  across  all 
tasks. 


LOW  AVERAGE  HIGH 

Figure  ll-B.  Effect  of  competence  in  primary  and 
secondary  specialties  on  the  percentage 
2i  of  tasks  performed  successfully  on  the 

first  attempt. 


An  increase  in  the  mental  load  im- 
posed by  the  tasks  causes  a decrease 
in  the  percentage  of  tasks  performed 
successfully  on  the  first  attempt. 
This  effect  might  be  cancelled  out 
by  an  increase  in  the  pace  of  a crew- 


As  his  level  of  aspiration  increases, 
a person's  standards  of  acceptable 
performance  also  increase.  For 
this  reason,  an  increase  in  level  of 
aspiration  produces  a decrease  in 
the  percentage  of  tasks  completed 
acceptably  on  the  first  attempt.  An 
increasing  proportion  of  the  tasks 
must  be  touched  up  or  repeated  in  or- 
der for  performance  quality  to  meet 
level  of  aspiration.  Similarly,  lead- 
er's expectation  increases  the  stand- 
ards against  which  success  on  a job 
is  judged.  As  leader's  expectation 
is  increased,  it  can  be  expected  that 
more  work  will  be  rejected  as  im- 
properly or  incompletely  perform- 
ed. This  will  result  in  more  work 
being  rejected. 
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III.  Unmanned  Station  Hours 


Unmanned  station  hours  represent  the  number  of  man  hours  of  work  which 
were  not  performed  because  of  personnel  unavailability. 

Six  independent  variables  were  found  to  produce  consistent  and  meaningful 
effects  on  unmanned  station  hours.  These  variables  are  grouped  in  the  following 
pairs; 

A.  Pace 

Primary  Competence 

B.  Level  of  Aspiration 
Leader's  Expectation 

C.  Shift  Length 
Men  Per  Shift 

The  equations  describing  the  relationship  between  these  independent  vari- 
ables and  unmanned  station  hours  are  shown  in  Table  8. 


Table  8 

Equations  for  Variables  Affecting  Unmanned  Station  House 


If  Y represents  the  unmanned  station  hours 

and  X represents  pace 

then:  Y = 19.44X  - 14.964  for 

.7  (high)  £ X 11.3  (low) 

If  X represents  competence  in  primary  specialty 
then:  Y = -1.14X  + 3.877  for 
.55  1 X £ .95 

If  X represents  level  of  aspiration 
then:  Y = 39. 5X  - 29.323  for 
.80  1 X £ 1.00 

If  X represents  leader's  expectation 
then:  Y = 39. 3X  - 32.98  for 
.85  1 X 1 .95 

If  X represents  shift  length 

then:  Y = 59.327  - 35.573LNX  for 

2 1 X 1 6 

If  X represents  men  per  shift 

then:  Y = 713. 57E  - 1.397X  for 

3 < X < 5 


1 


1 
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speed,  pace,  is  much  greater  than 
the  effect  of  an  increase  in  profici- 
ency in  the  primary  specialty.  How- 
ever, unmanned  station  hours  say 
nothing  about  the  quality  of  the  work 
done.  The  measure  only  reflects 
the  work  left  undone. 


Figure  Ml-A.  Effect  of  pace  and  level  of  competence  in 
primary  specialty  on  unmanned 
station  hours. 


An  increase  in  the  standards  of  work, 
whether  caused  by  an  increase  in  the 
level  of  aspiration  or  an  increase  in 
leader's  expectation  produces,  an 
increase  in  the  number  of  unmanned 
station  hours. 


Figure  lll-B.  Effect  of  level  of  aspiration  and  leader's 
expectation  on  unmanned  station  hours. 
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An  increase  either  in  the  shift  length 
or  men  per  shift  decreases  the  num- 
ber of  unmanned  station  hours. 


£ 


20 


Figure  lll-C.  Effect  of  shift  length  and  men  per  shift 
on  unmanned  station  hours. 


IV.  Percentage  of  Tasks  Ignored 


Events  or  tasks  may  be  ignored  by  crew  members  because  there  is  insuffi- 
cient time  to  do  the  tasks  because  required  personnel  are  unavailable  or  because 
the  crew  members  are  under  stress.  System  design  which  imposes  a need  to  ig- 
nore scheduled  tasks  is  considered  to  represent  a highly  undesirable  situation. 

Eight  independent  variables  are  graphed  to  show  their  effect  on  tasks  ig- 
nored. These  variables  are  presented  in  the  following  groups: 

A.  Crew  Size 
Pace 

B.  Primary  Competence 
Secondary  Competence 

C.  Shift  Length 

D.  Leader's  Expectation 
Level  of  Aspiration 
Mental  Load 

The  equations  which  reflect  these  curves  are  given  in  Table  9. 

Table  9 

Equations  for  Variables  Affecting  Percentage  of  Events  Ignored 


If  Y represents  the  percentage  of  events 

ignored  and  X represents  crew  size 
then:  Y = -8.095X  + 38.37  for 
3 <.  X <_  5 

If  X represents  pace 

then:  Y = 15.14X  - 12.252  for 

.70  (high)  <X  < 1.30  (low) 

If  X represents  primary  competence 
then:  Y = -3.06X  + 3.151  for 

.55  <_  X £ .95 

If  X represents  secondary  competence 
then:  no  effect 

If  X represents  shift  length 

then:  Y = -6.195X  + 33.273  for 
2 <.  X <.  6 

If  X represents  leader's  expectation 
then:  Y = 27. 8X  - 23.74  for 

. 85  <.  X <.  . 95 

If  X represents  level  of  aspiration 
then:  Y = 11. IX  - 9.017  for 
.80  <.  X <.  1.00 

If  X represents  mental  load 
then:  Y = .106X  + .196  for 
liX<9 
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The  percentage  of  tasks  ignored  de- 
creases as  crew  size  increases  and 
as  crew  pace  increases. 


«; 


An  increase  in  competence  in  the 
primary  specialty  results  in  a de- 
crease in  the  percentage  of  tasks 
ignored.  Variation  in  competency 
in  the  secondary  specialty  has  no  ef- 
fects on  tasks  ignored. 


Figure  IV-A.  Effect  of  crew  size  and  pace  on  percent- 
age of  tasks  ignored. 
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Figure  IV-B.  Effect  of  competence  in  primary  and 
secondary  specialties  on  percentage  of 
tasks  ignored. 
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Changing  the  shift  length  while  keep- 
ing the  amount  of  work  to  be  done 
constant  significantly  affects  the  per^ 
centage  of  tasks  ignored. 


An  increase  in  the  standards  of  task 
success  (level  of  aspiration  or  lead- 
er's expectation)  produces  an  in- 
crease in  the  percentage  of  events 
ignored.  This  effect  is  similar  in 
magnitude  to  the  effect  on  increas- 
ing the  mental  load  of  the  events  to 
be  performed.  These  effects,  al- 
though consistent,  are  small  in  mag- 
nitude as  compared  with  the  effects 
of  pace,  crew  size,  and  shift  length 
on  tasks  ignored. 


Figure  IV-D.  Effect  of  leader's  expectation,  level 
of  aspiration,  and  mental  load  on 
percentage  of  tasks  ignored. 
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V.&VI.  System  Reliability  and  System  Availability 

Due  to  their  interdependence,  system  reliability  and  system  availability  are 
plotted  on  the  same  axes  for  several  independent  variables  These  independent 
variables  are: 

A.  Leader's  Expectation 

B.  Level  of  Aspiration 

C.  Mental  Load 

In  addition,  the  effect  of  primary  competence  on  system  reliability  and  the 
effect  of  men  per  shift  and  shift  length  on  system  availability  are  presented. 

The  equations  for  these  plots  are  given  in  Tables  10  and  11. 

Table  10 

Equations  for  Variables  Affecting  System  Reliability 

If  Y represents  system  reliability  and 
X represents  leader's  expectation 
then:  Y = -2.9X  + 3.467  for 
•85  £ X £ .95 

If  X represents  level  of  aspiration 
then:  Y = -1.2X  + 1.953  for 
.80  £ X <_  1.00 

If  X represents  mental  load 

then:  Y = -.0105X  + .9605  for 
1 £ X £ 9 

If  X represents  primary  competence 
then:  Y = .38X  + .599  for 
.55  £ X < .95 


c; 


Table  11 

Equations  for  Variables  Affecting  System  Availability 

If  Y represents  system  availability  and 

X represents  leader's  expectation 
then:  Y = -.8X  + 1.65  for 
.85  £ X £ .95 

If  X represents  level  of  aspiration 
then:  Y = -.5X  + 1.367  for 
.80  £ X £ 1.00 

If  X represents  mental  load 

then:  Y = -.007X  + .983  for 

1 <.  X <.  9 

If  X represents  men  per  shift 
then:  Y = . 09X  + .53  for 
3 £ X £ 5 

If  X represents  shift  length 
then:  Y = .305X  - .663  for 

2 < X < 6 


c 
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An  increase  in  leader's  expectation 
produces  decrease  in  system  avail- 
ability and  much  larger  decrement 
in  system  reliability.  This  decre- 
ment is  directly  attributable  to  the 
higher  human  failure  rate  associ- 
ated with  excessively  high  standards 
of  performance. 
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Figure  V & VI  A.  Effect  of  leader's  expectation  on 
system  reliability  and  system 
availability. 


High  levels  of  aspiration  produce 
lower  levels  of  system  availabil  - 
ity  and  system  reliability.  Setting 
reasonable  personnel  performance 
standards  has  a strong  effect  on  sys- 
tem reliability  and  availability. 
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Figure  V & Vl-B.  Effect  of  level  of  aspiration  on 
system  reliability  and  system 
30  availability. 


An  increase  in  mental  load  required 
in  performance  of  tasks  produces  a 
decrement  in  system  availability  and 
system  reliability. 
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Figure  V & Vl-C.  Effect  of  mental  load  on  system 
reliability  and  system  availability. 


An  increase  in  crew  training,  as  re- 
flected in  increased  competence  in 
the  primary  competence,  can  be  ex- 
pected to  produce  a large  increase 
in  system  reliability. 
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Figure  V-D.  Effect  of  pompetence  in  primary 
specialty  on  system  reliability. 
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VII.  System  MTTR 


System  mean  time  to  repair  includes  both  equipment  repairs  and  reperform- 
ance of  operational  tasks  because  of  personnel  failure  to  perform  adequately. 

The  effects  of  five  variables  are  shown  on  system  MTTR.  These  variables 
are  grouped  as  follows: 

A.  Pace 

Shift  Length 

B.  Mental  Load 
Aspiration 

' Leader's  Expectation 

The  equations  describing  the  relationship  between  these  variables  and  sys- 
tem MTTR  are  presented  in  Table  12. 


Table  12 

Equations  for  Variables  Affecting  System  MTTR 


If  Y represents  system  MTTR  and  X 

represents  pace 

then:  Y = .267X  - .027  for 

.70  (high)  iX  < 1.30  (slow) 

If  X represents  shift  length 
then:  Y = .018X  + .18  for 
2 £ X £ 6 

If  X represents  mental  load 
then:  Y = .007X  + .174  for 

1 <.  X <.  9 

If  X represents  level  of  aspiration 
then:  Y = -1.45  + 1.615  for 
.8  <.  X <.1.0 

If  X represents  leader's  expectation 
then:  Y = -2.4X  + 2.46  for 
.85  < X < .95 
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An  increase  in  crewman  pace  pro- 
duces a decrease  in  mean  time  to 
repair.  Shift  length  increases,  on 
the  other  hand,  produce  increased 
MTTR.  This  result  can  be  explain- 
ed by  the  fact  that  when  more  time 
is  available  to  perform  all  tasks,  in- 
cluding repairs,  the  amount  of  time 
spent  on  the  tasks  is  increased. 
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Figure  Vll-A.  Effect  of  pace  and  shift  length  on 
system  MTTR. 


Task  mental  load  increases  produce 
an  increased  MTTR.  This  increase 
is  due  to  both  increased  human  fail- 
ures and  increased  time  required  to 
correct  the  failures.  Increases  in 
level  of  aspiration  and  leader's  ex- 
pectation produce  a reduced  system 
MTTR. 
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Figure  VI  l-B.  Effect  of  mental  load,  level  of 

aspiration,  and  leader's  expectations 
on  system  MTTR. 
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VIII.  Human  Reliability 

Human  reliability  is  affected  by  a number  of  variables.  Six  independent 
variables  are  shown  in  their  relationship  to  human  reliability.  These  variables 
are  presented  in  two  groups; 

A.  Primary  Competence 
Pace 

$ Shift  Length 

B.  Level  of  Aspiration 
Mental  Load 
Leader's  Expectation 

Table  13  shows  the  equations  relating  these  independent  variables  to  human 
reliability. 


Table  13 

Equations  for  Variables  Affecting  Human  Reliability 


If  Y represents  human  reliability  and  X 

represents  primary  competence 
then:  Y = .41X  + .576  for 
.55  <.  X <.  .95 

If  X represents  pace 

then:  Y = -.087X  + .981  for 
.70  <.  X <.  1.30 

If  X represents  shift  length  in  hours 
then:  Y = -.008X  + .9  for 
2 <_  X <_  6 

If  X represents  level  of  aspiration 
then:  Y = -1.3X  + 2.043  for 
.80  <_  X <.  1.00 

If  X represents  mental  load 
then:  Y = -.009X  + .949  for 
1 <.  X <.  9 

If  X represents  leader's  expectation 
then:  Y = -3X  +3.56  for 
.85  <.  X <.  .95 
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Increased  crewman  training,  as  re- 
flected by  both  proficiency  in  pri- 
mary specialty  and  pace,  result  in 
increased  human  reliability.  Pri- 
mary competence,  in  particular, 
has  a major  impact  on  human  reli- 
ability. This  effect  is  probably  due 
to  the  elimination  of  time  pressure 
motivation  with  an  excessively  long 
shift  length. 
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Figure  VI I l-A.  Effect  of  pace,  competence  in  pri- 
mary specialty,  and  shift  length  on 
human  reliability. 
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A decrease  in  human  reliability  ac- 
companies increases  in  level  of  as- 
piration, leader's  expectation,  and 
mental  load.  All  of  these  factors 
increase  the  number  of  task  fail- 
ures. Accordingly,  a decrease  in 
human  reliability  would  be  expected. 
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Figure  Vlll-B.  Effect  of  level  of  aspiration,  mental 
load,  and  leader's  expectation  on 
human  reliability. 
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IX.  Human  Availability 

The  effects  of  six  independent  variables  were  plotted  to  show  their  relative 
impact  on  human  availability.  These  variables  are  grouped  in  two  sets: 

A.  Pace 

Men  Per  Shift 
Shift  Length 

B.  Level  of  Aspiration 
Mental  Load 
Leader's  Expectation 

The  equations  relating  these  independent  variables  to  the  dependent  vari- 
able, human  availability,  are  displayed  in  Table  14. 


Table  14 

Equations  for  Variables  Affecting  Human  Availability 


If  Y represents  human  availability  and  X 

represents  pace 

then:  Y = -.327X  + 1.251  for 

.70  (fast)  £ X £ 1.30  (slow) 

If  X represents  men  per  shift 
then:  Y = . 08X  + .603  for 
3 £ X £ 5 

If  X represents  shift  length 
then:  Y = .31X  - .67  for 
2 £ X £ 6 

If  X represents  level  of  aspiration 
then:  Y = -.6X  + 1.483  for 
.80  £ X £ 1.00 

If  X represents  mental  load 
then:  Y = -.004  + .986  for 
1 £ X £ 9 

If  X represents  leader's  expectation 
then:  Y = -.7X  + 1.59  for 
.85  £ X £ .95 
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Human  availability  is  increased  by 
increasing  the  crew's  working  speed 
(pace),  by  increasing  number  of  men 
assigned  to  the  shift  and  by  increas- 
ing shift  length.  Increasing  shift 
length  effectively  increases  the  time 
available  for  task  performance  and 
thereby  the  availability  of  the  crew. 


Human  availability  is  decreased  by 
factors  which  increase  the  task  dif- 
ficulty such  as  mental  load  and  by 
factors  which  increase  the  stand- 
ards, such  as  level  of  aspiration  and 
leader' s expectation,  with  which  task 
performance  is  judged. 


Figure  IX-A.  Effect  of  pace,  men  per  shift,  and  shift 
length  on  human  availability. 
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Figure  IX-B. 


Effect  of  level  of  aspiration,  mental 
load,  and  leader's  expectations  on 
human  availability. 
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X.  Human  MTTR 

Human  mean  time  to  repair  is  defined  as  the  mean  time  required  to  touch 
up  or  repeat  tasks  performed  inadequately  on  the  first  attempt. 

Four  variables  were  selected  for  graphic  presentation  of  their  effect  on 
human  MTTR.  The  variables  are  presented  in  two  groups: 

A.  Pace 
Mental  Load 

B.  Level  of  Aspiration 
Leader's  Expectation 

The  equations  relating  these  variables  to  human  MTTR  are  shown  in  Ta- 
ble 15. 


If  Y represents  human  MTTR  and  X 

represents  pace 

then:  Y = .293X  - .093  for 

.70  (fast)  <_  X <_  1.30  (slow) 

If  X represents  mental  load 
then:  Y = . 003X  + .177  for 
1 <.  X <.  9 

If  X represents  level  of  aspiration 
then:  Y = X - .767  for 
.80  <.  X < 1.00 

If  X represents  leader's  expectation 
then:  Y = 2X  - 1.677  for 
.85  <_  X <_  .95 


.90 


An  increase  in  crewman  speed  (pace) 
produces  a decrease  in  human  mean 
time  to  repair.  Mental  load,  due  to 
increasing  task  difficulty,  results  in 
an  increased  human  MTTR. 


Increases  in  level  of  aspiration  and 
leader's  expectation  produce  very 
similar  increases  in  human  mean 
time  to  repair  (the  curves  are  super- 
imposed). 
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Figure  X-A.  Effect  of  pace  and  mental  load  on 


human  MTTR. 
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Figure  X-B.  Effect  of  level  of  aspiration  and 


leader's  expectations  on  human 


XI.  Maximum  Stress 

That  system  design  which  minimizes  the  stress  level  placed  on  the  system 
operators  is  preferred  over  that  which  stresses  the  operator. 

Two  independent  variables  are  presented  relative  to  their  effects  on  opera- 
tor stress: 

A.  Men  Per  Shift 
Pace 

Table  16  presents  the  equations  relating  the  independent  variables  to  max- 
imum sthess  level. 
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Maximum  stress  is  increased  by  too 
high  a workload.  Stress  may  be  re- 
duced eitherby  increasing  the  work 
speed  capability  (pace)  of  the  crew 
or  by  increasing  the  men  available 
per  shift. 
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1 

Figure  X1-A.  Effect  of  pace  and  men  per  shift  on 
maximum  stress  level. 
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XII.  Hazard 


An  effective  system  design  aslo  minimizes  the  hazard  level  to  which  the 
crewmen  are  exposed.  Four  human  oriented  variables  are  shown  which  affect 
hazard  level.  These  variables  are: 

A.  Pace 

Primary  Competence 

B.  Shift  Length 
Men  Per  Shift 

These  variables  and  the  equations  relating  them  to  hazard  level  are  shown 
in  Table  17. 


Table  17 

Equations  for  Variables  Affecting  Hazard  Level 


If  Y represents  hazard  level  and  X 

represents  pace 

then:  Y = 58. 5X  + 14.797  for 

.7  (fast)  <_  X <_  1.30  (slow) 

If  X represents  primary  competence 
then:  Y = -20.26X  + 87.545  for 
•55  £ X <.  .95 

If  X represents  shift  length 
then:  Y = 9.34X  + 28.083  for 

2 <.  X £ 6 

If  X represents  men  per  shift 
then:  Y = 8.695X  + 34.32  for 

3 < X<  5 
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Increased  personnel  training  result- 
ing in  increased  work  speed  capa- 
bility or  increased  overall  profici- 
ency in  primary  specialty  reduces 
the  overall  hazard  risk  of  the  crew- 
man. 
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Figure  Xll-A.  Effect  of  pace  and  competence  in 

primary  specialty  on  mean  hazard  level. 
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Factors  which  increase  the  number 
of  manhours  during  which  crewmen 
are  exposed  to  hazards  increase  the 
mean  hazard  level.  Increases  in  the 
number  of  men  assigned  to  a shift 
and  increasing  shift  length  lead  to 
an  increase  in  overall  hazard  level. 


S 60 
< 


50 


45 1 


AVER ACC 


Figure  Xll-B.  Effect  of  shift  length  and  men  per 
shift  on  mean  hazard  level. 
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XIII.  Human  Availability  and  Manpower  Utilization  Interaction 


Human  availability  reflects  the  degree  to  which  personnel  are  available  to 
perform  tasks  at  the  time  that  the  tasks  should  be  done.  Manpower  utilization, 
on  the  other  hand,  is  a measure  of  the  degree  to  which  crewmen  are  kept  busy 
during  their  work  shift. 

The  tradeoff  relationship  between  these  two  measures  of  system  perform- 
ance are  shown  over  a range  of  two  variables; 

A.  Pace 

B.  Shift  Length 

Table  18  presents  the  equations  relating  the  two  dependent  variables,  hu- 
man availability  and  manpower  utilization,  across  the  range  of  the  independent 
variables. 


Table  18 

Equations  for  Variables  Relating  Human  Availability  to  Manpower  Utilization 


If  Y represents  manpower  utilization  and  X 
represents  human  availability 

Y = -6.654X  +9.2 

.70  <.  X <.1.30 

As  shift  length  increases 

Y = 1.105X  + 2.117 

2.  0 <.  X <.  5.0 


Increasing  crewman  pace  produces 
a decrease  in  manpower  utilization 
and  an  increase  in  human  availabil- 
ity. This  means  that  if  maximum  hu- 
man availability  is  required,  a sac- 
rifice in  the  effectiveness  of'man- 
power  utilization  must  be  accepted. 
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Figure  XIII- A.  Effect  of  pace  on  the  relationship 
between  human  availability  and 
manpower  utilization. 


Increasing  the  shift  length,  which 
effectively  decreases  the  work  load, 
produces  an  increase  in  human  avail- 
ability but  produces  a decrease  in 
manpower  utilization.  If  maximum 
manpower  utilization  is  required, 
there  will  be  a decrease  in  availabil- 
ity. 


manpower  utilization. 
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CHAPTER  III 

SUMMARY  AND  DISCUSSION 


A total  of  68  curves  on  33  graphs  was  produced  to  show  the  relationships  between 
human  oriented  variables  and  measures  of  system  performance.  These  curves  will 
allow  a system  planner  or  designer  to  assess  the  relative  impact  of  various  human 
oriented  design  considerations 

The  tradeoff  curves  were  derived  through  computer  simulation  of  the  operator 
tasks  in  a representative  mission  over  a number  of  parametric  variations  of  crew 
composition  and  Work  conditions.  The  representative  mission  was  designed  to  be 
analogous  to  a number  of  different  types  of  Navy  mission.  Accordingly,  the  relation- 
ships determined  for  this  mission  may  be  expected  to  be  reasonably  generalized.  For 
any  specific  system,  a more  accurate  description  of  the  tradeoff  relationships  could  be 
obtained  through  a simulation  of  the  system  itself. 

Certainly,  independent  variables  other  than  those  here  considered  will  affect 
system  performance.  The  independent  variables  included  in  the  present  set  of  tradeoff 
curves  were  those  embedded  within  the  simulation  model  employed.  In  selecting  these 
variables  for  inclusion  in  the  simulation  model,  the  model  developers  attempted  to 
include  those  human  oriented  variables  which  they  believed  to  be  most  salient  to  system 
performance. 

Human  performance  reliability  continues  to  represent  a salient  aspect  of  system 
performance.  We  are  aware  of  no  prior  attempt  to  develop  systematically  and  present 
tradeoffs  such  as  those  which  were  presented  in  Chapter  II  of  this  report. 

In  developing  the  various  tradeoff  curves,  the  attempt  was  to  present  the  informa- 
tion in  a form  which  would  be  useful  to  engineers  who  are  responsible  for  system  de- 
sign and  development.  It  is  believed  that  the  presentation  method  employed  is  com- 
patible with  the  handbook  type  of  presentation  with  which  design  and  development 
engineers  are  accustomed.  The  various  tradeoff  curves  will  not  make  a design  de- 
cision for  the  engineer  Indeed,  that  was  not  their  purpose.  However,  they  should 
provide  one  additional  data  basis  for  various  design  decisions.  The  final  design 
decision  continues  to  rest  with  the  engineer. 
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